Chemically made colloidal semiconductor quantum dots have long been proposed as scalable and color-tunable single emitters in quantum optics, but they have typically suffered from prohibitively incoherent emission. We now demonstrate that individual colloidal lead halide perovskite quantum dots (PQDs) display highly efficient single-photon emission with optical coherence times as long as 80 picoseconds, an appreciable fraction of their 210-picosecond radiative lifetimes. These measurements suggest that PQDs should be explored as building blocks in sources of indistinguishable single photons and entangled photon pairs. Our results present a starting point for the rational design of lead halide perovskite-based quantum emitters that have fast emission, wide spectral tunability, and scalable production and that benefit from the hybrid integration with nanophotonic components that has been demonstrated for colloidal materials.
M any proposed schemes of quantum information processing require scalable quantum emitters (QEs) capable of producing indistinguishable single photons or entangled photon pairs (1, 2) . To realize such QEs, the optical coherence time of the emitter (T 2 ) needs to approach twice the spontaneous emission lifetime (2T 1 ). Design of solid-state QEs with transform-limited photon coherence (T 2 = 2T 1 ) is fundamentally hampered by the exciton-bath interaction leading to optical decoherence due to phononscattering (3) and spin-noise (4) often resulting in T 2 ≪ 2T 1 : In addition, charge density fluctuations in the environment typically cause jumping of the spectral line of the emitter, leading to further decoherence on time scales of micro-to milliseconds (5) . The consequence is that only a few practical QEs have been demonstrated. Atom-like defects in diamond (6, 7) and self-assembled III-V quantum dots (QDs) are most commonly studied, often integrated with optical microcavities to increase the degree of coherence in the Purcell regime (8) . There has also been some proof-of-concept work with single molecules (9) . The growth and integration of III-V QDs with high photon coherence requires the highest possible material quality and exceptional control over growth conditions. Self-assembled QDs also suffer from low scalability and typically ran-dom growth that complicates deterministic integration with microphotonic components, shortcomings that are further aggravated by dot-to-dot inhomogeneities (2) . For defects in diamond, the bulky host matrix presents a challenge for coupling to cavities and hampers efficient photon out-coupling, limiting their brightness. Conversely, chemically synthesized colloidal semiconductor quantum dots (CQDs) exhibit unmatched ease of processability from solution and straightforward hybrid integration of single CQD emitters with various prefabricated microphotonic components has been demonstrated. However, CQDs typically suffer from incoherent and unstable emission, which has prevented their application in quantum optics (1) .
We demonstrate that a specific combination of fast radiative lifetimes and long optical coherence times gives rise to highly coherent single-photon emission from individual cesium lead halide CsPbX 3 (X = Cl, Br, I) perovskite quantum dots (PQDs) (10, 11) . Our results suggest that-unlike any other colloidal quantum dot material-perovskite-based quantum dots can be explored as low-cost, scalable QEs with facile cavity integration to generate wavelengthtunable sources of indistinguishable single photons and entangled photon pairs in the visible spectral region.
PQDs combine the advantages of chemical synthesis in large batches and precise control over the size and shape inherent to colloidal materials with the extensive compositional tunability of lead halide perovskites. At room temperature, they display narrowband emission across the entire visible spectrum and nearunity emission quantum yields owing to the notable defect tolerance of lead halide pe-rovskites. The CsPbBr 3 PQDs used in this study were synthesized according to (11) and are stabilized with zwitterionic ligands with functional amino and sulfonate groups, which have demonstrated increased stability compared to conventional PQDs that have oleylamine and oleic acid surface ligands (10, 11) . Detailed information on the synthetic procedure can be found in (12) . PQDs exhibit an orthorhombic (Pnma) crystal structure consisting of cornersharing [PbBr 6 ] − octahedra with Cs + ions filling the interoctahedral voids ( Fig. 1A) . We confirm this structure by x-ray diffraction ( fig.  S2 ). High-resolution scanning transmission electron micrographs (Fig. 1, B and C) confirm the high degree of size uniformity and a cubic quantum dot shape as reported previously (11) . The PQDs in our study have an average edge length of 13.5 ± 2 nm ( fig. S1 ). Their ensemble absorption and emission spectra are presented in Fig. 1D . The room temperature absorption edge at 2.42 eV exhibits an excitonic feature confirming quantum confinement. The emission peak centered around 2.38 eV has a full width at half-maximum (FWHM) of~90 meV, close to the room-temperature single-particle emission linewidth, confirming the high synthetic quality of our samples (13) .
The emission of PQDs occurs from weakly confined excitons. Owing to strong spin-orbit coupling in lead halide perovskites, spin and orbital angular momenta are strongly mixed, and only the total angular momentum J is conserved. The exciton in PQDs is formed from a hole with s-like symmetry in the valence band and a twofold degenerate electron in the conduction band with total angular momentum J h/e = 1/2 (14) , where h is hole and e is electron. The electron-hole exchange interaction lifts the degeneracy between the singlet (J exciton = 0) and triplet (J exciton = 1) exciton states ( Fig. 1E ). Owing to a strong Rashba effect, the degeneracy of different angular momentum projection states jjj ¼ T1; 0 is additionally lifted as a result of inversion symmetry breaking in the orthorhombic crystal structure, leading to energetic splitting of the triplet excitonic fine structure with values we define as W 1 and W 2 (15) . It has recently been shown that the lowestlying triplet state in PQDs is optically bright, whereas the singlet is dark, which is a distinct feature of lead halide perovskite semiconductors (16) .
We spin-coated dilute solutions of PQDs on quartz to perform single-emitter characterization at low temperatures. Characterization spectra of individual PQDs with either one or two sharp emission peaks are shown in Fig. 2 , A to C, and Fig. 2D , respectively. The insets show the degree of emission peak polarization by plotting relative transmission intensities through a linear polarizer as a function of polarizer angle. The observed linear polarization for all PQDs confirms emission from the exciton state, because the trion emission is nonpolarized (16). The resolution limit of our spectrometer (~500 meV), and potentially fast spectral diffusion, limits access to the true homogeneous linewidth and to the fine structure for PQDs with small energetic splitting between exciton sublevels W 1 (W 2 ). Figure 2E shows a typical spectral and intensity time series of a single PQD at 3.6 K under nonresonant pulsed excitation (480 nm and 50 W/cm 2 ), confirming the absence of major fluorescence intermittency or large spectral jumps, in stark contrast to established II-VI CQDs, which suffer from blinking and large charge-induced spectral jumps at low temperatures (17, 18) . We note that some PQDs show near-Poissonian emission statistics over the course of minutes ( fig. S5) .
A single PQD intensity correlation [g (2) (t)] under pulsed excitation is shown in the upper panel of Fig. 2F . Our PQDs show high biexciton emission quantum yields at low temperatures, as expected from their very high radiative rates that can outcompete any nonradiative Auger process. Their superior spectral stability compared with other CQDs allows spectral selection of the exciton zero-phonon line (ZPL) and rejection of biexciton emission, analogous to single-photon sources based on self-assembled QDs (2) . When the emission is isolated with tunable dichroic edgepass filters, PQDs exhibit strong antibunching [g (2) (0) < 0.04], indicating high single-photon purity of the emission (Fig. 2F , lower panel). All studied individual PQDs show fast photoluminescence decay that can be fit with the sum of two exponentials (Fig. 2G ). The fast component (~210 to 270 ps) is about two orders of magnitude higher in intensity than the long tail, confirming their fast emission rates compared with any other single-photon emitters owing to the bright nature of the lowest-lying exciton ground state and a giant oscillator strength effect (18, 19) . As the emission quantum yield of the PQDs used in this study is~95% (see fig.  S9 ), the fast observed photoluminescence (PL) lifetime is close to the spontaneous radiative lifetime T 1 (16) . The transform-limited linewidth, calculated as G rad = ħ/T 1 , is 3.1, 2.4, 2.5, and 2.4 meV for PQDs 1 to 4, respectively, where ħ is Planck's constant h divided by 2p.
We measure the optical coherence time and resolve the fine-structure splitting with photoncorrelation Fourier spectroscopy (PCFS) (20, 21) , which can overcome both the temporal and spectral resolution limitations of other techniques by encoding the spectral coherence of a single emitter in intensity anticorrelations recorded at the output of a Michelson interferometer (Fig. 3A) . We note that PCFS and Hong-Ou-Mandel spectroscopy, a commonly used two-photon interference method, both provide optical coherence times of single emitters on fast time scales, but PCFS allows easier extraction of spectral diffusion dynamics, ZPL fraction, and fine-structure splitting (21) . Unlike conventional Fourier spectroscopy, in which the interferogram is resolved by collecting a sufficient number of photons at each interferometer position (typically hundreds of milliseconds integration time), PCFS correlates photon pairs as a function of their temporal separation t at each interferometer path length difference d. The temporal resolution of PCFS is only determined by the photon shot noise at a given t, which enables measurement of the optical coherence on time scales inaccessible to most other techniques. The observable is the PCFS interferogram G (2) (d, t) which intuitively corresponds to the envelope of the squared interferogram compiled from photon pairs separated by t [ Fig. 3A and notes in (12) ]. The Fourier transform of G (2) (d, t) yields the spectral correlation p(z, t) defined as pðz; tÞ ¼ h ∫ ∞ À∞ sðw; tÞsðw þ z; t þ tÞ dw i , where h…i denotes the time average, s(w, t) represents the spectrum of the single emitter over frequencies w and at time t, and z represents the energy difference. The spectral correlation is the sum of the autocorrelations of the spectra compiled from photon pairs separated by t. Because the probability of spectral wandering vanishes as t approaches zero, the spectral correlation at small t reduces to the autocorrelation of the homogeneous spectrum (20) . The PCFS interferogram G (2) (d, t) and the corresponding spectral correlation p(z, t) (insets) are shown in Fig. 3, B to E, for PQDs 1 to 4 at 3.6 K and for small photon lag times of t < 100 ms where we observe the homogeneous spectral information, unaffected by spectral diffusion. For all PQDs, G (2) (d, t < 100 ms) shows an initial fast decay owing to a fast partial decoherence of the emission. The exact origin of the decay is unknown but is likely due to a broad acoustic phonon side band or fast relaxation between emissive fine-structure states. The long component in G (2) (d, t) extending over path-length differences of d ≫ 1 ps implies long optical coherence times of the ZPL emission. Importantly, the fraction of photons emitted into the coherent ZPL can be calculated as the square root of the coherent decay amplitude of G (2) (d) and ranges between~0.5 and~0.8, implying that the majority of photons is emitted coherently. This ZPL fraction is still smaller than for epitaxial III-V QDs but is already comparable to silicon vacancy centers in diamond, which are often used in quantum photonics (ZPL fraction 0.7) (22) .
With different orientations of an individual PQD, one, two, or three emissive fine-structure states can be observed. The beatings in the Utzat Exchange interaction splits the exciton into a singlet (J = 0) and a triplet (J = 1). The triplet state is split further according to its angular momentum projections owing to the Rashba effect. For PQDs with orthorhombic crystal structure, the j jj ¼ T1; 0 degeneracy is lifted. The triplet states are emissive, whereas the singlet is optically dark. |Y X,Y,Z i, different fine-structure states.
interferograms arise from the energy difference between the fine-structure states modulating the envelope of the interferogram, as clarified in Fig. 3A for a PQD with two observable finestructure states. The corresponding spectral correlations p(z, t) indicate narrow lines with either three, five, or seven peaks, depending on the number of observable emissive states and their splittings. Assuming exponential dephasing (Lorentzian spectral lineshapes) for each emissive finestructure state, we fit the data with the autocorrelation of two or three Lorentzian peaks of width G defined as G ¼ 2ℏ T2 and energetic separations of W i . That is
where c is a constant accounting for comparatively broad background emission and s(w) is the spectral lineshape:
The decay of the optical coherence with e À2=T2d and the beating patterns in the interferograms owing to the fine structure are well captured by our fit, allowing extraction of the optical coherence time T 2 . For PQDs 1 to 4, we find long coherence times of T 2~7 8 ps (68, 88), 52 ps (42, 72), 50 ps (46, 54), and 66 ps (52, 92), with the confidence intervals given in parentheses. These dephasing times correspond to linewidths of G~17, 25, 27, and 20 meV, respectively. Notably, comparison of the optical coherence times T 2 with the spontaneous radiative lifetimes T 1 of 210, 272, 267, and 269 ps shows that the PQD emission linewidth consistently approaches the transform limit ( T2 2T1~0 .19, 0.10, 0.09, and 0.12 for PQDs 1 to 4, respectively). This value of T2 2T1 is two orders of magnitude higher than for the best specially engineered II-VI heterostructure CQDs studied to date, which exhibit slow photon release from dark exciton states and small fractions of coherent photon emission (23, 24) . Indeed, although no synthetic optimization of the photon coherence of PQDs has been conducted, our highest value T2 2T1~0 .2 is already comparable to T2 2T1~0 .16 to 0.8 for typical and long-studied epitaxial III-V QDs (4, 8, 25, 26 ). We further show in (12) that spectral diffusion of PQDs is much reduced com-pared with that of established colloidal materials, likely owing to the absence of surface trap states in lead halide perovskites (see figs. S7 and S8).
On the basis of these findings, we suggest that PQDs can serve as scalable building blocks in sources of quantum light with spectral tunability over the entire visible range-a prospect hard to envision with any other quantum emitter. When integrated with optical cavities, even a very moderate Purcell enhancement of the emission rate by a factor of~5 to 10 should consistently yield truly transform-limited emission and thus the emission of indistinguishable single photons. Generation of polarization entangled photon pairs via the biexcitonexciton cascade emission could potentially exhibit high efficiencies owing to near-unity biexciton and exciton emission quantum yields. Pursuits in this direction will benefit from the unmatched ease of hybrid integration of CQDs with cavities, which has been demonstrated in a multitude of pilot studies. Indeed, straightforward integration with plasmonic gap cavities (27) , dielectric slot waveguides (28) , or high-quality (Q) micropillar cavities (29) has been shown. Efficient light-cavity coupling has also been achieved in plasmonic-QD hybrid nanostructures, produced by all-chemical means, which offers a radically different approach (30) . PQDs can likely also be deterministically integrated with photonic-crystal cavities.
In view of these prospects, optimization of the intrinsic PQD coherence time should be explored. Tuning of the dephasing time has been demonstrated for colloidal II-VI QDs by leveraging synthetic control over the fine-structure splitting to reduce phonon-mediated dephasing (23) . Similar strategies may apply to PQDs, although future elucidation of the pure dephasing mechanism in single PQDs may suggest different structural handles to the dephasing time. We suspect that further passivation of the PQD surface, through suitable ligands or growth of inorganic shells, may reduce the phonon spectral density and increase the coherence time and coherent fraction of the emission. These efforts may also further reduce spectral diffusion.
Our results suggest that lead halide perovskiteswith their high defect tolerance and optically bright lowest-lying exciton state-are promising semiconductors for the scalable production of quantum emitters with highly coherent emission that can be processed onto virtually any substrate and integrated with nanophotonic components. Rational optimization of these emitters will build on the tools of colloidal chemistry and the structural versatility of lead halide perovskites. Utzat (A) The PCFS experiment for a PQD with two observable fine-structure states of energetic splitting W 1 . The interferogram shows modulation of the envelope with a frequency corresponding to the energy difference between the two fine-structure states jy Y > and jy Z > and loss of photon coherence decaying with e À1=T2t . PCFS measures the envelope of the interferogram squared, compiled from photons with small temporal separation. (B to E) Data for PQDs 1 to 4 and the corresponding spectral correlation p(z, t) (insets) for short interphoton arrival times (t < 100 ms) where the effect of spectral diffusion is minimal. The blue line shows the best fit with our lineshape model, and the black dashed lines indicate the exponential dephasing component of the PCFS interferogram decaying with e À2=T2d . A fast partial loss of coherence to~0.3 to 0.6 of the initial amplitude-possibly owing to a broad acoustic feature or fast relaxation within the fine structure-can be observed in the interferograms. We extract long optical coherence times of T 2~5 0 to 78 ps. The widths of the underlying Lorentzian lines G hom ¼ 2ћ T2 and the fine-structure splittings W 1 (W 2 ) are indicated in the plot of the spectral correlations. For PQD 4, an additional unknown side peak is observed that is not captured by our model, likely owing to aliasing common in Fourier spectroscopy.
